ABSTRACT A crystal structure is described for the Mg 2+ -BeF 3 --bound receiver domain of Sinorhizobium meliloti DctD bearing amino acid substitution E121K. Differences between the apo-and ligandbound active sites are similar to those reported for other receiver domains. However, the off and on states of the DctD receiver domain are characterized by dramatically different dimeric structures, which supports the following hypothesis of signal transduction. In the off state, the receiver domain and coiled-coil linker form a dimer that inhibits oligomerization of the AAA+ ATPase domain. In this conformation, the receiver domain cannot be phosphorylated or bind Mg 2+ and BeF 3 -. Instead, these modifications stabilize an alternative dimeric conformation that repositions the subunits by approximately 20 Å, thus replacing the α4-β5-α5 interface with an α4-β5 interface. Reoriented receiver domains permit the ATPase domain to oligomerize and stimulate open complex formation by the σ 54 form of RNA polymerase. NtrC, which shares 38% sequence identity with DctD, works differently. Its activated receiver domain must facilitate oligomerization of its ATPase domain. Significant differences exist in the signaling surfaces of the DctD and NtrC receiver domains that may help explain how triggering the common twocomponent switch can variously regulate assembly of a AAA+ ATPase domain.
Many bacterial adaptive behaviors and developmental pathways are controlled by twocomponent signal transduction, and this signaling mechanism is also found in lower eukaryotes and plants. In the last two years, a model has emerged for structural changes that commonly trigger two-component signal transduction (12) (13) (14) (15) (16) (17) (18) (19) (20) . A highly conserved threonine or serine in strand β4 stabilizes the active form in a manner that permits an alternate packing of helix α4 and a solvent-exposed aromatic side chain in strand β5. These changes alter the α4-β5 surface and its surrounding regions to a greater or lesser degree, signaling to the cognate output domain. The interdomain relationships that are affected by this common signaling mechanism remain largely uncharacterized.
In Sinorhizobium meliloti and Rhizobium leguminosarum, the DctD protein regulates expression of DctA (21, and refs cited therein). This transport protein permits the bacteria to use four carbon dicarboxylic acids to grow as free-living cells or to fuel biological nitrogen fixation as symbiotic bacteroids. We recently reported that the DctD receiver domain (N) plus the adjacent linker (L) between it and its AAA+ ATPase domain (hereafter referred to as DctDNL) form a dimer novel for the approximately 1600 known two-component response regulators (22) . Genetic and biochemical data indicated that this dimeric receiver domain/linker structure maintains the adjacent AAA+ ATPase domain in an inactive, dimeric state. Coiled-coil linkers were predicted for about 4.5% of the response regulators, which suggests that this dimer may be relevant to the off state of a large number of these signal transduction proteins (22, 23) . Analytical ultracentrifugation experiments indicated that phosphorylating the DctDNL fragment did not stabilize it as a monomer but rather stabilized an altered dimeric state (22) . In a companion paper, we reported additional biophysical data consistent with a significantly altered dimer or dimers in the phosphorylated solution state of the DctDNL fragment (24) . Here, we report a crystal structure of the E121K substitution variant of DctDNL crystallized in the presence of Mg 2+ and BeF 3 - . This substitution favors the activated state (22) and yielded crystals that were not obtained by using wild-type DctDNL. There are multiple "dimers" in the crystal lattice, but one is perhaps most likely relevant to the solution state because its interface intimately involves the remodeled signaling surface and it closely resembles the dimer reported to mediate activation of FixJ. If it is kept in mind that the available structures of apo and ligand-bound forms of the DctD receiver domain are of a fragment isolated from the AAA+ ATPase domain that it regulates, these results imply that two-component signal transduction works in DctD by switching between inhibitory and noninhibitory dimeric states of the receiver domain. This "derepression" mechanism is contrasted with the "activation" mechanism present in NtrC, a well-studied two-component response regulator in which a monomeric receiver domain must proactively facilitate assembly of its AAA+ ATPase domain.
METHODS

Protein purification
DctD fragment 1-143 (denoted DctDNL), with or without the E121K substitution, was fused to the tag KLAAALEHHHHHH and expressed from a vector derived from pET24 (Novagen, Madison, WI). The His6-tagged proteins were purified from overproducing Escherichia coli strain BL21(DE3)pLysS containing either pT143wt or pT143E121K. Typically, 7 g of cell paste was lysed by sonication in 45 ml of 20 mM Tris (pH 8) and 500 mM NaCl, clarified by centrifugation, and loaded onto a 1-ml Cobalt-NTA Superflow affinity column (QIAGEN, Valencia, CA). Protein was eluted in 50 mM phosphate buffer (pH 8) containing 250 mM imidazole, to yield a DctD fragment more than 95% pure. By using gel filtration, the buffer was changed to 20 mM Tris-HCl (pH 8.0), and the protein was then bound to a MONO-Q column (Amersham Biosciences, Piscataway, NJ). DctDNL and DctDNL(E121K) proteins eluted at greater than 99% homogeneity between 15 and 40% buffer B (1 M NaCl in 20 mM Tris-HCl, pH 7.2).
Protein crystallization
Crystals were grown under various conditions. For soaking under phosphorylating conditions, protein in 50 mM sodium succinate (pH 5.6) and 65-75 mM NH 4 H 2 PO 4 was crystallized by hanging drop vapor diffusion at room temperature. Crystals grew within 5-7 days. A Hampton array (Hampton Research, Laguna Niquel, CA) (25) was used to screen for conditions that quickly grew crystals starting with 95-100% phosphorylated proteins. After optimization, 100 mM magnesium acetate (pH 5.6) with 21% polyethylene glycol (PEG) 4000 was found to yield high-quality crystals within 18 h at room temperature. Various mother liquors were explored for growing crystals in the presence of BeF x , the latter produced by adding aliquots of aqueous solutions of NaF (0.5 M), BeCl 2 (1 M), and MgCl 2 (1 M) to protein and filtering the solution through a 0.1-µM filter (Whatman, Ann Arbor, MI) prior to mixing with mother liquors. The MgCl 2 had to be added last to avoid an uncharacterized precipitation (that happened even in the absence of protein). Useful crystals of DctDNL(E121K) were obtained in 10 µl of protein in 7 mM BeCl 2 , 29 mM NaF, and 2.5 mM MgCl 2 in 0.05 M HEPES buffer (pH 7.0) containing 0.25 M Li 2 SO 4 and 9.5% PEG 8000 against 1 ml of mother liquor containing 0.1 M HEPES (pH 7.0), 0. , and other ionic species. Before rapid cooling, crystals were briefly transferred to 50 µl containing 5 mM HEPES (pH 7.0), 50 mM MgCl 2 , 7.15 mM BeCl 2 , and 29.5 mM NaF supplemented with 50% glycerol. To obtain control crystals of DctDNL(E121K) grown in the absence of BeF x , the mother liquor 0.1 M HEPES (pH 7.5), 0.5 M Li 2 SO 4 , and 5% PEG 8000 was used. Mother liquor diluted 50% with glycerol was used to briefly incubate these crystals before rapid cooling and data collection.
Protein phosphorylation
Solutions of DctDNL or DctDNL(E121K) were desalted into 20 mM sodium phosphate or HEPES buffer (pH 6.8), and an equal volume of buffer containing MgCl 2 and either sodium carbamyl phosphate or sodium acetyl phosphate was added before incubation for varied times at room temperature. Final concentrations of MgCl 2 varied from 25 to 100 mM, and those of carbamyl or acetyl phosphate, from 50 to 250 mM. To remove Mg 2+ from phosphorylated protein, sodium EDTA was added to 100 mM concentration, and samples were then desalted into buffer containing 1 mM EDTA. Crystals of DctDNL or DctDNL(E121K) grown in sodium succinate and ammonium phosphate were transferred to 20 mM sodium phosphate buffer (pH 6.8) containing 25-100 mM MgCl 2 , 50-250 mM sodium carbamyl phosphate, and 6% PEG 4000, and incubation proceeded for varied times at room temperature. To measure the extent of phosphorylation, 15-µl aliquots of protein solution or single crystals were added to 300 µl of 0.1% formic acid and desalted into 0.1% formic acid using an HR5 desalting column, after which they were placed in a −80ºC freezer. In some cases, samples were frozen before desalting and refreezing. Aliquots of thawed samples were then introduced by flow injection analysis into a Mariner time-of-flight mass spectrometer with electrospray interface. Multiply-charged electrospray mass spectra were mathematically transformed to zero charge state spectra, and peak heights for unmodified and phosphorylated protein were extracted from the resulting spectra by using BioSpec Data Explorer (Perseptive Biosystems, Applied Biosystems, Foster City, CA; assays conducted at The Pennsylvania State University Mass Spectrometry Center). Reaction of acetyl hydroxamate with ferric chloride was used as described previously (26) to measure acetate produced from turnover of acetyl phosphate.
Diffraction data collection and analysis
Diffraction data were collected for crystals maintained at 100 K by an XStream system (Rigaku/MSC, The Woodlands, TX) using an R-axis IV ++ area detector and a beam generated by a Rigaku 200 rotating copper anode X-ray generator. The beam was conditioned with OSMIC Blue mirrors (MSC). Initial phase estimates were obtained via molecular replacement by using previously determined structures of DctDNL or DctDNL(E121K) and the program AMoRe (27) as implemented in the CCP4 suite (28) . The resulting models were then refined using the programs CNS_SOLVE (29) and O (30) with a test set comprising 10% of the data for R-free calculations. Model geometries were monitored using CNS_SOLVE, PROCHECK (31) , and WHAT IF (32) . Data collection and refinement statistics are summarized in Table 1 In the former, residue Glu137 of chain A was modeled as Ala because no density was evident for the side chain; likewise, residues Lys144 and Leu145 of the latter were modeled as Ala. Structures were superimposed using Swiss-PDBViewer (33), and figures made using SwissPDBViewer and MegaPov (34), ICMLite (35) , or MOLMOL (36) .
RESULTS
Crystalline DctDNL was refractory to phosphorylation
Greater than 90% of the DctDNL fragment can be phosphorylated in solution (22) . Achieving this requires 50 mM MgCl 2 and 100 mM carbamyl phosphate, and the reaction must proceed for 90 min to equilibrate. The substitution E121K destabilizes the DctDNL solution dimer about 20 times (22) , but the protein still formed the same dimeric structure in crystals (see below). In solution, DctDNL(E121K) was more readily phosphorylated, with 25 mM MgCl 2 and 50 mM carbamyl phosphate giving 100% phosphorylation in 15 min (data not shown). Neither of these proteins could be demonstrably phosphorylated in crystals grown from unphosphorylated material, even when incubated in 100 mM MgCl 2 and 250 mM carbamyl phosphate. A carbamylation side reaction was seen in these crystal soaking experiments, with the kinetics expected from prior solution studies (22) . The presence of 6% PEG 8000 needed to maintain the crystals that otherwise dissolved when transferred to phosphorylation solution accelerated the approach to equilibrium in solution, so that DctDNL(E121K) was fully phosphorylated within 3 min. A colorimetric assay was used to monitor turnover of acetyl phosphate in the absence and presence of crystals. There was no increase in acetate production above the spontaneous rate seen in the absence of protein. Crystal structures of wild-type DctDNL or DctDNL(E121K) derived from crystals soaked in the phosphorylation conditions, or similar ones containing BeF x , were essentially identical to those of unsoaked crystals and failed to show the expected density for phosphoryl or beryllofluoryl aspartate (data not shown).
Dephosphorylation of DctDNL-P was too fast to permit growing crystals, with or without Mg 2+ being present (t 1/2 = 1.6 h or 4.3 h, respectively; 22). Unlike the wild-type fragment, about 50% of the E121K variant remained phosphorylated 3 days after Mg 2+ was removed from freshly phosphorylated protein, and conditions were found for growing high-quality crystals from such a mixture in 18 h. Nonetheless, no evidence of phosphorylation could be obtained in electron density maps derived from these data, which yielded structures essentially identical to the structure previously published for DctDNL (22) .
DctDNL(E121K) could be crystallized in the presence of BeF x
We previously observed that adding Mg 2+ -BeF x stimulates the DctD ATPase (22), so we sought conditions for growing crystals in the presence of BeF x . Mother liquors containing MgCl 2 , BeCl 2 , and NaF were used to screen for conditions to crystallize DctDNL, but none were found. In full-length protein, the E121K substitution increases the extent to which the protein is activated by phosphorylation or binding BeF 3
- (22), and as reported above DctDNL(E121K) was more readily phosphorylated than is the wild-type fragment. We thus screened Mg
2+
-BeF xcontaining mother liquors for growing crystals of DctDNL(E121K) and found one giving many flat crystals that diffracted to 6 Å resolution. Fortunately, a single more massive crystal in the P2 1 2 1 2 1 space group was identified in a drop that had undergone a phase separation. This crystal diffracted to 2.1 Å resolution, and molecular replacement using the wild-type off-state model provided initial phase estimates to solve the new structure. Statistics for the data and the on-state structure are summarized in Table 1 . Although there are two monomers in the asymmetric unit of the P2 1 2 1 2 1 space group, noncrystallographic symmetry was not used in refinement because F o -F c difference electron density maps clearly indicated that distinct conformations were present in most of the secondary structure elements. A plot of ∆φ or ∆ψ versus residue number for the two molecules of the asymmetric unit ( Fig. 1 ) suggests that this did not lead to over-fitting of the model (37) . The model used for molecular replacement, representing the off state, was obtained from crystals grown at a lower pH in the presence of different precipitant and cryoprotectant. To provide a control structure of the off state for DctDNL(E121K), crystals were grown in mother liquor lacking MgCl 2 , BeCl 2 , and NaF. To obtain these crystals, the precipitant had to be reduced from 21% PEG 8000 to 6% PEG 8000, and the pH had to be increased from 7.0 to 7.5. The data and statistics for the resulting control structure are also summarized in Table 1 .
Comparison of the DctDNL(E121K) structure with the structure of DctDNL
Despite the fact that the E121K substitution weakened the dimer association constant by approximately 20 times, the protein bearing this substitution still crystallized into the I222 space group like the wild-type DctDNL (22) . An overlay of the two structures (Fig. 2) showed them to be largely the same except for a small deviation in loop β1-α1 and a more significant one in loop β5-α5. Most important, the two dimers had the same interface in which extensive contact occurred between the α4-β5-α5 surface of symmetrically opposed monomers. Density for the respective loop conformations was well defined in each structure, with no hint of multiple conformations being seen. The difference may be due, at least in part, to the use of different cryoprotectants, as there was a glycerol bound near loop β5-α5 in DctDNL(E121K) that was not present in the wild-type structure. In work to be published elsewhere, loop β5-α5 was seen to adopt yet a third conformation in response to changes in temperature and salt concentrations in both wild-type DctDNL and DctDNL(E121K) (M. Meyer, S. Park, and B. T. Nixon, unpublished result).
Mg
2+ -BeF 3 --bound DctDNL(E121K) structure
Density for Mg 2+ and BeF 3 -was clearly present in the active site in a simulated annealing omit map calculated after removal from the model of a 5 Å sphere surrounding the ligands (Fig. 3A) . The metal ion was coordinated to Oδ1 of Asp12 (2.08 Å), to the main chain O of Arg57 (2.05 Å), to Oδ2 of Asp55 (2.13 Å), to F1 of BeF 3 -(2.12 Å), and to two water molecules (2.29 Å and 2.37 Å, respectively; Fig. 3B ). These ligands supported an extensive network of ionic interactions that tethered loops β3-α3, β4-α4, and the upper portions of strands β1, β3, β4, and β5, which resulted in below-average B factors for the associated residues. Atom F2 of BeF 3 -interacted with Oγ1 of Thr83 (2.74 Å) and with main chain nitrogen atoms of Arg57 (2.67 Å) and Ile56 (3.05 Å), to anchor the beginning of loops β3-α3 and β4-α4. Atom F3 interacted with main chain N of Gly84 (2.83 Å), further anchoring loop β4-α4, and with the Nζ atom of the highly conserved K105 (3.04 Å) at the end of strand β5. Loop β4-α4 and the end of strand β5 were also stabilized by a bond between Oγ1 of Thr83 and the main chain N of His85 (2.9 Å), and by interactions between the main chain O of Thr83 and the main chain N of the highly conserved K105 residue (2.73 Å). The position of K105 Nζ was further anchored by interactions with Oδ2 of Asp11 (2.51 Å, electron density clearly joining the two atoms) and a water molecule (2.93 Å) also bound to Oδ2 of Asp13 (2.68 Å). This water and the two coordinated with Mg 2+ supported binding of sulfate near the active site of one of the monomers in the asymmetric unit, but the sulfate was replaced by two water molecules in the other monomer (Fig. 3C ). This was associated with different rotamers for the side chain of His85 and Arg57. In one monomer, the Nδ1 atom was centered among the three fluorine atoms of BeF 3 -(3.3 Å, 3.5 Å, and 3.7 Å, respectively); in the other, the histidine ring was rotated about 180º, which placed Nδ1 5.7 Å away from these atoms and hydrogen bonded to NH1 of an alternative conformation of the side chain of Arg57 (3.01 Å; Fig. 3C ). The trajectories of loops α4-β4 in these two BeF 3 --bound structures differed a little; otherwise, the two active site structures were essentially identical. In both structures the interactions stabilized an inward orientation of the Phe102 side chain under loop β4-α4 and between strand β4 and helix α4 (Fig. 3B, C) .
Comparison of on-state and off-state monomers
The active site just described was significantly different from that of the inactive state (Fig. 4A) . The terminal oxygen atoms of the Asp55 side chain in the inactive state were held in an orientation rotated 90º from that seen in the active state. Different rotamers were favored for Asp13, with Mg 2+ stabilizing the one seen in the active state. The Oγ1 atom of the highly conserved Thr83 was 6.5 Å from Asp55 Oδ1 in the off state, and 4.8 Å in the active state, which reflects the inward relocation of the upper portion of β4 and the side chain of Phe102. Density for the buried side chain of Phe102 was very clear, with many van der Waals contacts stabilizing its position (Cβ atoms of Ala91 and Ala94, Sδ of Met90, Cδ of Ile56, and Cγ2 of Thr83 and Ile88, the latter residue belonging to an apposing monomer). An overlay of the monomers in the off and on states (Cα atoms of residues 5-83 and 90-135, RMSD 0.93 Å, Fig. 4B ) showed that these rearrangements were associated with significant changes in the beginning of loop β3-α3, the uppermost part of strand β4 through about two-thirds of helix α4, and most of strand β5. These concerted movements avoid clash and optimize hydrophobic interactions among the side chains of Ile56, Thr83, and Ala91 with the relocated Phe102, and they are supported by the network of ionic interactions described above. Loop β3-α3 and helix α4 and strand β5 were also involved in protein-protein contacts in the crystal lattice (discussed below).
Activation dramatically altered the dimer interface
We previously reported analytical ultracentrifugation data indicating that phosphorylated DctDNL forms a dimer as stable as the dimer of unphosphorylated protein (22) . Sedimentation velocity experiments showed that the phosphorylated dimer experiences a substantial increase in frictional drag (24) . We were thus expecting an altered conformation of the dimer seen for the unphosphorylated protein as shown in Fig. 2 . However, the dimer seen in the off state was not present in the crystal lattice of the Mg 2+ /BeF 3 --bound protein. In its place were four possible alternatives (Fig. 5A) . In one of these, dimer A:B, symmetric contacts were made between helixes α1 and α5, burying 562 Å 2 of surface area. A second potential dimer (A:C) involved asymmetric contact of the α1-β2-α2 surface with loop β3-α3 and the top part of α3, burying 647 Å 2 of surface area. Both the A:B and A:C contact surfaces appeared to be too small to maintain a solution dimer state, and they are thus tentatively believed to represent packing artifacts. A third potential dimer (A:D) was mediated with asymmetric contact by helixes α2 and α3 with helix α5, and the formation of a small two-stranded β sheet between the last three residues of loop β5-α5 and residues 143-145 near the C terminus. Residues 144 and 145 came from the beginning of the His tag. This dimer interface contained 1760 Å 2 of buried surface area. Despite its asymmetry and the presence of non-DctD sequence in the interface, it could be relevant to the solution state. Finally, a fourth potential dimer (A:E in Fig. 5A , and details in Fig. 5B ) involved a cross-chain hydrogen bond between Nε2 of Gln96 and the backbone O of Tyr100 and a network of hydrophobic interactions between strand β5 and helix α4. These latter interactions were feasible only because of the structural changes described above for the β4-α4-β5 region that were stabilized upon binding Mg 2+ and BeF 3 -. The network of hydrophobic interactions was extensive: Ile88 of one chain contacted C and Cα of Asp87, Cβ of Ala91, Cδ and Cε of Phe102, and Cβ of Ala104 of the other chain; Ile95 of one chain contacted Cγ1 of Val92, Cγ2 of Ile95, and Cγ of Gln96 of the other chain; Val92 also contacted Cβ atoms of Ala91 and Phe102; and contacts occurred between Cβ of Pro89 and Cζ of Arg111 in one of its two conformations, the other displaying intrachain hydrogen bonds from NH1 and NH2 to Oδ1 and Oδ2 of Asp101. This interface buried 931 Å 2 of surface area and was essentially identical to that reported for the phosphorylated receiver domain of FixJ (14; Fig. 5C ), which was shown by small angle X-ray scattering and genetic experiments to be relevant to two component signaling in the FixJ solution state. Residues crucial for these possible DctDNL(E121K) dimer interfaces have not yet been directly probed with substitutions that may lead to predictable phenotypes. However, prior random screens for substitutions that bypass the need for phosphorylation and thus yield constitutively active DctD protein identified 17 alterations (22) . None of these substitutions mapped to the A:E interface, but seven did map to the A:D interface. If forming the A:D dimer is part of the activation process, then the substitutions in its interface might be expected to weaken the interface and reduce the extent of activation. However, among the substitutions that did map to residues in the A:D dimer interface are those that give the greatest constitutive activity, E121K and K122E (22) .
DISCUSSION
The active site features seen in other activated receiver domains (12) (13) (14) (15) (16) (17) (18) (19) (20) were clearly present in the structure of Mg 2+ -BeF 3 --DctDNL. This study thus supports the growing consensus that binding BeF 3 -mimics phosphorylation and triggers a molecular switch that is common among two-component receiver domains. However, two novel and important insights were revealed by these studies of DctD. First, a specific dimeric structure of a receiver domain is seen to maintain the highly conserved active site in a state that is refractory to phosphorylation. Second, maintaining the active site in its activated conformation is seen to stabilize a dramatically different dimeric state of the receiver domain, providing a molecular mechanism for regulating the function of an associated output domain, in this case an AAA+ ATPase. Differences between this mechanism and that emerging for NtrC (13, 38, D. Wemmer, personal communication), which is an EBP sharing 38% sequence identity with DctD, reveal unexpected diversity among two-component response regulators belonging to a single subfamily.
Bearing in mind that these studies are of a receiver domain and linker isolated from the output function that they regulate, we hypothesize that for DctD the common two-component signaling switch toggles between distinct dimeric states of the receiver domain to regulate the assembly of an AAA+ ATPase domain used to stimulate σ 54 -dependent transcription at the dctA promoter. In this hypothesis, the inactive state is a stable dimer maintained by a strong dimerization determinant in the receiver domain and linker. This dimeric conformation is refractory to phosphorylation and inhibits further oligomerization of the ATPase. A rarer dimeric conformation of the receiver domain, or an intermediate that occurs in monomers, must then be stabilized by phosphorylation. The stabilized, active conformation of the receiver domain is proposed to fail to inhibit assembly of the ATPase. It remains formally possible that the activated receiver domain also stimulates the assembly process, but no data support this possibility. Interaction with the cognate kinase DctB may overcome the refractory state of the off-state receiver domain before phosphoryl transfer.
It is not definitively known which dimer or dimers present in the crystal lattice of Mg This proposed mechanism is consistent with several observations. First, the off-state species seen in crystals of DctDNL is a dimer that cannot be phosphorylated. This may be caused by the 90º rotation of the side chain of Asp55, the site of phosphorylation, that is seen in the off state relative to the on state of DctDNL(E121K). This off-state orientation is also about 90º out of phase with the corresponding active site structures reported for other response regulators (e.g., see the overlay of DctDNL and FixJN in ref 22) . Perhaps related to the unusual orientation of the off-state aspartate is the observation that replacing it with glutamate fails to partially activate DctD (22) , whereas the same substitution activates the related response regulator NtrC (39) . Second, in solution DctDNL is a stable dimer at or below 1 µM concentration, and this dimer can be slowly but quantitatively phosphorylated by using 100 mM MgCl 2 and 100 mM carbamyl phosphate (22) . Third, in solution phosphorylated DctDNL is a stable dimer at and below 1 µM concentration (22) ; however, relative to the unphosphorylated dimer this one 1) sediments more slowly, 2) shows a greater fluorescence anisotropy, 3) has a dramatically altered thermal melting profile, and 4) shows a dramatically different and enlarged set of 1 H-13 C HSQC cross-correlation peaks (24) . Observations 1 and 2 suggest an increased surface area in the on-state dimer versus the off-state dimer. Observations 3 and 4 suggest that activation significantly alters the receiver domain structure, and the latter also suggests a loss of symmetry and/or the presence of multiple species in the active state. Fourth, substitutions that weaken the off-state dimer partially derepress the ATPase in full-length DctD and facilitate interaction with Mg 2+ and carbamyl phosphate or BeF 3 - (22) . Moreover, completely removing the receiver domain strongly activates the ATPase domain (40-42).
It is not yet known how the receiver domain, linker, and AAA+ ATPase domain physically interact in either the unphosphorylated or the phosphorylated state of DctD, but the dramatic differences in the two dimeric conformations of the receiver domain and linker must somehow be exploited to suppress ATPase oligomer formation on the one hand and then permit or enable it on the other. In light of this, it is very interesting to contrast known features of two-component signaling in DctD and NtrC (Fig. 7) . Both proteins are members of the AAA+ subfamily of ATPases, both use two-component receiver domains to control the ATPase activity, and both use helix-turn-helix DNA binding domains to target their respective genes. Both DctD and NtrC proteins are dimers in their unphosphorylated forms (43, 44) and probably form hexamers upon phosphorylation. [Proteins in the AAA+ ATPase family tend to form hexamers or dodecamers (2, 3) , and prior reports clearly show that oligomerization follows activation of NtrC (45) (46) (47) . Recent cryo-electron microscopic data are consistent with a hexamer or dodecamer for the EBP PspF (M. Buck, X. Zhang, and J. Schumacher, personal communication).] Given these similarities, one might expect similar signal transduction mechanisms in DctD and NtrC. However, important differences appear to reflect divergent strategies for using two-component signal transduction in these proteins to modulate the equilibrium between dimeric and hexameric AAA+ ATPase domains. NtrC depends upon an FIS-like dimerization determinant in its Cterminal DNA binding domain to maintain the dimeric, unphosphorylated state (44, 48) . A similar element is not present in DctD, which instead has a dimeric receiver domain (22) that starkly contrasts with the monomeric one of NtrC (12, 13) . Instead of an intrinsically active ATPase domain like that present in DctD, the central domain of NtrC is inert, unable to form an ATPase activity unless assisted by its receiver domain or altered by amino acid substitutions (49) . In NtrC, the receiver domain thus appears to act passively in the unphosphorylated state, but upon phosphorylation it must facilitate activation of the ATPase. In DctD, the receiver domain actively represses the ATPase domain until the former is phosphorylated.
The question remains: in the activated oligomer, are the interactions between receiver and ATPase domains similar or different in NtrC and DctD? Presuming that the A:E dimer reported here is physiologically relevant, the hydrophobic side chains of the upper portion of helix α4 that are believed to contact the AAA+ ATPase domain in NtrC (13, 38) are engaged in a dimer interface in activated DctD. If this is true, it means that different modes of interdomain communication must occur in the activated proteins. There need not be domain-domain contact in activated DctD, because activation may result from the receiver domain simply "getting out of the way" and permitting self-assembly of the ATPase ring. If there is direct contact between receiver and ATPase domains in DctD, the twofold symmetry of the DctDNL dimer and the sixfold symmetry of a hexameric AAA+ ATPase ring dictate that each monomer of the receiver domain dimer must have a different spatial relationship with the ring. Unlike DctD, the monomeric receiver domain of NtrC does seem to be required to directly interact with the central domain to stabilize the assembled ATPase (38) , and it could be packed against a hexameric ring using the latter's sixfold symmetry.
How a common two-component trigger can result in such different signaling mechanisms may be understood in part by comparing the Mg 2+ -BeF 3 --bound structures of the NtrC receiver domain and DctDNL(E121K) (coordinates for the NtrC domain kindly provided by Seok-Yong Lee and David Wemmer). Exploring different overlays of the complete receiver domains suggests somewhat altered packing of helixes on the β sheet, with the best fits optimizing alignment of the sheet and helixes 2, 3, and the bottom of 4, or the sheet and helixes 1, 2, 3, and the top of 5; in no case were all of the helixes closely aligned. More insight comes from examining a portion of the signaling surfaces, loop β4-α4 through strand β5 (Fig. 8) . In DctD, signaling appears to create an open cleft and three hydrophobic projections (Ile88, Val92, and Ile95) used to support a homodimer of the activated receiver domain by rotating the monomers 180º and inserting the projections into the cleft, forming two parallel stacks of three hydrophobic side chains. Ile95 in DctD is replaced with Tyr94 in NtrC, and remodeling of its signaling surface arranges the side chains of residues Ala83, Leu87, and Tyr94 to fill the corresponding cleft in a way that would appear to prevent homo-dimerization but provide a surface for stabilizing the fully assembled ATPase. The different remodeling of the signaling surfaces appears to depend at least in part on substitution of Gly84 and Leu95 in DctD with Ala83 and Tyr94 in NtrC. Nearly 16% of the 1556 receiver domains present in the PFAM database (including that of FixJ) have glycine in the first of these two positions. Of these, most (80%) have a hydrophobic residue in the second of these two positions as seen in DctD and FixJ, with none having a tyrosine as found in NtrC (4% of all receiver domains have a tyrosine in this position). Glycine at the base of loop β4-α4 may thus serve to open the hydrophobic signaling surface in a number of receiver domains to facilitate homo-dimerization in the manner seen for the DctD and FixJ proteins of S. meliloti.
Coiled-coil linkers such as that seen in unphosphorylated DctDNL may occur in about 4.5% of all two-component response regulators (22, 23) . Coiled-coil linkers have also been proposed to play a role in regulating the functional state of DmpR and other EBPs related to it (50, 51) . Like DctD, these EBPs are controlled negatively in that their respective AAA+ ATPase domains are competent to activate transcription and must be inhibited to maintain the off state. In these proteins, NT two-component receiver domains are not used to control the ATPase assembly; instead, a different inhibitory domain sensitive to the binding of small aromatic ligands precedes the ATPase domain. Future studies of the structural mechanisms that mediate interactions among regulatory and output domains in these proteins will be very interesting, as they promise to reveal either a common theme or yet additional diversity in the regulation of σ 54 -dependent AAA+ ATPases. B) The backbones of bound structures 1 (blue) and 2 (green) are superimposed on the backbone of the unbound protein structure (red) using residues 5-83 and 90-135 (RMSD values are 0.70 Å, 0.97 Å, and 0.98 Å for bound structure 1 aligned with bound structure 2, bound structure 1 aligned with unbound structure, and bound structure 2 aligned with unbound structure, respectively). The backbone oxygen of Arg57, two waters, and side chains of residues Asp12, Asp55, Ile56, Thr83, Ala91, and Phe102 are shown for the off state (red) together with Mg 2+ and BeF 3 -for the bound state (green). Note the clashing side chains of Phe102 of the bound state (green) and Ile56, Thr83, and Ala91 of the unbound state (red). state is maintained by an N-terminal receiver domain and linker element in DctD, and by a C-terminal FIS-like element in NtrC. The dimeric structure of the DctD receiver domain and linker actively represses assembly of a competent ATPase domain. The monomeric receiver domain of NtrC is passive, not needing to inhibit an incompetent ATPase domain. Phosphorylation of the receiver domain remodels the α4-β5 surfaces differently: on the one hand, stabilizing an alternative dimer of the receiver domain of DctD that no longer fails to inhibit assembly of the ATPase hexamer (option 1); on the other hand, facilitating a positive interaction between monomeric receiver and ATPase domains of NtrC (option 2). The alternative possibility that a positive interaction also exists between the activated receiver and ATPase domains of DctD is also depicted (option 3). 
